T here is no reliable anim al model of the early stages of osteonecrosis of the femoral head (ONFH) for the evaluation of new therapeutic approaches. In this study, we propose a new anim al model of femoral head osteonecrosis. Pure ethanol was injected into the centre of the fem oral head in adult Merino sheep under¯uoroscopic control. After 3, 6 and 12 weeks the anim als were killed and the femoral heads were harvested. Microradiograph ic and histological changes were analysed and recorded. Partial necrosis was documented over a period of 12 weeks in all animals. T he appearance of necrosis in combinat ion with intact macrotexture, macrocirculation and joint cartilage is similar to the features described in early ONFH in humans. Due to its ef®cacy and its similarit y to the early stages of ONFH in humans, this model may be suitable to evaluate new therapeutic techniques in the treatm ent of ONFH. (2002) 36, 173-180 C o rre spond e nc e to : Dr m e d. Ha ns-Ge o rg Sim a nk , O rth o pa Èd isch e UniversitaÈtsk linik He id elb erg, Sch lie rb a c h er-La nd strasse 200a, 69118 Heid e lb e rg, G e rm a ny E-m a il: h a ns-geo rg.sim a nk @ok .uni-h eid elb erg.de
Osteonecrosis of the femoral head (ONFH) is diagnosed with increasing frequency in young adults and is a disease with a sig-ni®cant socioeconomic impact (Fi cat 1985 , Mankin 1992 . Most authors agree that surgical intervention is preferable to a conservative treat ment (Mont e t a l. 1996 ), but some argue that this procedure is not suf®cient for all patients. New therapeutic approaches have been proposed, such as growth factor therapy (Hungerford & Mont 2000) . T he aim of this study was to develop an anim al model, which allows the evaluation of different therapeutic approaches under controlled conditions, especially for the early and pre-collapse stages of ONFH.
Since the pathogenesis of ONFH is unknown, the criteria for a valid anim al model are dif®cult to de®ne. T he characteristic features of the early stages of ONFH include an intraosseous necrosis with intact trabecular structure, maintenance of joint cartil age and an intact macrocirculation. Although many surgical and non-surgical animal models have been published (Kistler 1934 , Gold e t a l. 1978 , Jones & Hungerford 1984 , Liu & Ho 1991 , Malizos e t a l. 1993, Matsui e t a l. 1995, Seiler e t a l. 1996, Nishino e t a l. 1997), we could not ®nd a simple, standardized and reliable model of the early, pre-collapse stages in the literature. T he aim of this study was to create a de®ned, partial necrosis of the femoral head in sheep, which ful®ls the mentioned criteria.
Material and methods
T he research protocol was approved by the Institutional Committee (Regierungspra Èsidium Karlsruhe, Federal Republic of Germany) according to the German Animal Welfare Law. Ten adult male Merino sheep (age between 18±24 months; weight between 60 and 85 kg) were used. T he operation took place under sterile conditions in a special anim al operation room. T he sheep were fasted 12 h before surgery. T hey were premedicated with xylazine (0.2 mg=kg BW) intramuscularly. Once sedat ed, a catheter was placed in the auricular vein, and anaesthesia was induced by propofol (5 mg=kg BW) intravenously. When the jaw was relaxed, the sheep were intubat ed with a cuffed veterinary endotracheal tube. T he tube was connected to a mechanical ventilat or. T he correct settings of the ventilat or were ensured by measuring end-tidal carbon dioxide concentrations. Anaesthesia was maintained by halothane in O 2 =N 2 O (at a rate of 1:1 ). If additional analgesia was needed during surgery, fentanyl (0.2 mg=kg BW) i.v. was administered. T he sheep were placed in a left lateral position. T he region of the right hip was sheared and the skin was cleaned with soap. T he skin was disinfected, using iodine solution. T hen, the region below the right greater trochanter was approached by a direct lateral incision. Care was taken to protect the soft tissue attach ments to the greater trochanter. Under image intensi®er control, a K-wire was drilled under permanent water cooling into the central part of the fem oral head. T he wire was withdrawn and replaced by a cannulated needle. T he position of the needle was controlled in two planes radiographically. When the needle was correctly positioned, the inner mandrain was withdrawn. T he cortical hole was closed by bone wax and the soft tissue around the cortical hole was covered by sponges.
Eight millilitres of puri®ed ethanol (> 99% ) were administered slowly in portions of one millilitre over a period of 8 min (1 ml=min). During the surgical procedure, the oxygen saturati on and carbon dioxide content in the blood of the animals were continuously measured by pulse oxym etry and capnography. In previous studies the volume of the fem oral head in adult Merino sheep was determined to be about 4.2 cm 3 . Because of re¯ux, double this volume (8 ml ) was injected. Finally, the soft tissue around the trochanter region and the surface of the bone were irrigated with saline solution to prevent haematoma formation and in¯ammat ion, and the wound was closed in layers.
A sham procedure of the contralateral hip was not performed, to avoid im mobilizati on of the anim als. Postoperatively all animals received phenylbutazon (4 mg=kg BW) i.v. or s.c. over a period of 3 days. Before premedication, long-acting penicillin=streptomycin was administered i.m . T he sheep were exam ined twice a day for the ®rst days after surgery and a protocol was ®lled out concerning food intake, behaviour and degree of lameness. Over a period of 2±3 days there were only minimal signs of lam eness in the operated sheep. During this time the animals were kept together in boxes (3 m 2 =sheep), and afterwards in a pen (30 m 2 =sheep). T here were no lim itations on the anim als walking or running, nor any restrictions on their food intake. From that tim e the animals were exam ined once a day, and no signs of pain or lameness were detected, except in the case of the sheep mentioned below (sheep No. 2).
T he animals were killed by an overdose injection of sodium pentobarbi tal in groups of three anim als at 3, 6 or 12 weeks, respectively. Both fem urs were harvested and exam ined macroscopically. T he femoral heads were cut in 5 mm thick slices parallel to the fem oral shaft. T he central slice showing the drill channel was microradiographed (Faxit ron cabinet X-ray systems) and analysed. T he tissue was ®xed in 70% alcohol for 72 h. After ®xation, the slices were cut in standardized four quarters (Fig 1) . T he sam ples were then decalci®ed (EDTA decalci®cation solution for 2±3 weeks), embedded in methylm etacrylat e and 4 mm thick slices were cut with a microtome in a frontal plane. T he sections were stained with haematoxylin ±eosin and Masson-G oldner trichrome and examined under a light microscope.
To quantify the extent and stage of necrosis, a histological stagin g system was developed ( Fig 2) . T he tip of the drill track was determ ined microscopically. A line was drawn following the drill track to the subchondral plate of the artic ular cartilage. T hen, a grid was laid over the slide with the drill track line in a central position. Along the central line of the grid a central column of three squares with an outer length of 2.8 mm was examined. T he position of the ®rst square was de®ned as one millim etre below the subchondral plate. Running parallel to the central column, three columns of squares were investigated in a cranial and caudal direction. T hus, a total area of 19.6 mm68.4 mm was analysed systematic ally. In this area, the extent and the qualit y of necrosis were determined quantitati vely by counting manually the number of intact osteocytes and the number of empty lacunae (magni®cat ion: 2006). T he presence of ®brosis was graded according to previous studies (none: 7 , mild: ‡ , severe: ‡ ‡ ). In each group the left proximal femur of one randomly selected animal was used as a control, to exclude spontaneous necrotic changes. To exclude uncertain differentiation between living osteocytes and pycnotic or dead osteocytes, only empty lacunae were graded as a de®nitive sign of dead osteocytes. T he examination was performed by a pathologist, who was blinded to the survival tim e of the sheep. T he results are given with con®dence intervals (Alt man 1998 ).
Results

Ma c ro sc opic e xa m ina tio n
T he surface of the cartilage was preserved intact in all but one anim al (No. 1). In this animal, the drill had perforated the joint surface of the femoral head, and ethanol had leaked into the joint cavity. Neither deformities nor loss of the outline of the femoral heads were detectable. T he surrounding tissue was not in¯amed or infected.
Mic ro ra d io gra ph ic e xa m inatio n
At 3 weeks no structural changes in the radiographs were detectable. T he spongious structure of the fem oral head was intact, the drill track was dem arcated and the outer form of the femoral head was maintained. At later time points sclerosis around the drill track, which continued into the metaphysis, was detectable in all animals. Radiographic signs of fracture were absent.
Histo lo gica l e xa m ina tion
Th re e w e e k s By 3 weeks after the induction of necrosis, many osteocytes were necrotic. T he outline of dead trabecul ae was maintained. In the marrow cavities mesenchymal tissue and bone debris were present (Fig 3) . An irregular trabecul ar resorption was found. T hese histological features decreased with increasing distance to the tip of the drill track.
Six w e e k s In highly damaged areas (> 80% of empty lacunae), most of the marrow cavities contained ®brous tissue of high cellularity with numerous macrophages. Necrotic trabeculae underwent resorption. In these areas, scanty bone formation occurred from the ®brous tissue (Fig 4) and no enchondral bone formation was detected. T he resorptive changes were not uniform. In slightly damaged areas, trabec ular resorption by osteoclasts and remodelling was detectable without ®lling of the marrow cavities with ®brotic tissue (Fi g 5). T hus, there was no regular resorption line. T he edges of the track were covered by layers of osteoblasts and osteoid.
Tw e lve w e e k s T he majority of the necrotic tissue was replaced by vital bone. Only in the former centre of the area of necrosis were some osteocytes still necrotic and irregular ®brous tissue present. T he drill track was ®lled with woven bone. T he trabec ulae around the tip were thickened by large layers of newly formed, mineralized bone and broad osteoid seam s. In one animal an open epiphyseal plate was detected. T his anim al was excluded from the quantitative analysis.
T he non-operated, left proximal fem oral heads did not show necrotic changes at 3, 6 and 12 weeks, respectively.
Q ua ntita tive a na lysis (Fig 6)
At 3 weeks a mean percentage of 40.0% 9.6 SD (CI: 16.0% ±64.0% ) was necrotic (Table 1) . At 6 weeks postoperatively, the corresponding values were 44.0% 5.3 SD (CI: 30.9% ±57.1% ) (Table 1) . By 12 weeks after induction of necrosis the mean number of empty lacunae decreased to 10% 2.8 SD (CI:¡ 15.4% ±35.4% ). In the central part of the necrosis there were still non-vital trabeculae with a high percentage of empty lacunae. At 6 weeks, severe ®brosis of the marrow cavit ies was detected in two of three animals in the quantitat ively evaluated areas, which decreased at 12 weeks. In all investigated left fem oral heads, less than 5% of lacunae were found to be empty.
C o m plica tio ns
One animal (No. 4) died during the injection of ethanol due to a massive pulmonary embolism. One subcapital fracture occurred 6 weeks postoperatively (No. 2). Radiographic examination revealed that the fracture occurred through the distal, lateral end of the drill channel and in an area of extensive bone resorption by ®brous tissue. T he femoral head was intact and was included in the exam ination. No deep infections were observed.
Discussion
Sheep were chosen for the study, because of their similar hip anatom y to humans and because of their size, which allows the evaluation of surgical procedures used in humans (Kirker-Head e t a l. 1998 ). T he aim of this study was to investigate the effects of ethanol injection into the femoral head and to describe the repair process. To prevent im mobilizati on and the risk of fract ure, only the right hip was operated on, which allowed partial weight-bearing on the operated leg.
We used ethanol as a toxic agent because of its concentration-dependent toxicity and its complete enzymatic degradation. T he toxic effects are lim ited to an area of high concentrat ion and last only a short period of tim e. Also, ethanol injections are in therapeutic use, i.e. injections into bone metastases or into arteriovenous malform ations (Stajc ic 1991, Flandroy & Pruvo 1994, Gangi e t a l. 1994 ). T he application of ethanol into the centre of the femoral head under radiograph ic guidance limits the toxicity to the area around the tip of the needle. Total necrosis of the exposed areas or the entire head, respectively, was not induced. T he morphology is similar to the histological changes known from the early stages of ONFH in humans (Remagen 1990 ) . Macrotexture and macrocirculat ion of bone were maintained. In the macroscopic examination the surface of the cartil age was congruent and the appearance was smooth. T here were no signs of in¯am mation or destruction. Also microscopically no necrotic chondrocytes were indicat ed by normal nuclei and nucleus cytoplasm rat io in the chondrocytes. T his resulted in an intact anatom y allowing normal skeletal response to the dam age. T he previously published evaluation of necrosis by determ ination of the rat e of empty lacunae is a known and valid method (Gold e t a l. 1978) . With a mean percentage over 12 weeks of 34% , the percentage of empty lacunae in our study was high compared to other studies, in which pycnotic cells were also considered necrotic (Gold e t a l. 1978). Spontaneous ONFH is not known to occur in sheep. Nevertheless, we examined the contralateral femoral heads to rule out spontaneous necrotic changes and arti®cial effects of the ®xat ion or staining process. T hey did not show signs of necrosis or in¯ammati on. As previously determined (Sim ank e t a l. 1997 ), fem oral head drilling under permanent water cooling alone did not result in necrosis.
Although some models of osteonecrosis have been developed, so far most of the models have not produced a situat ion comparable to the changes of the early stage of osteonecrosis. In the published surgical models either the macrocirculati on was occluded by direct ligat ion or dislocation of the head or a combined procedure (Woodhouse 1964, Swiontkowski e t a l. 1993, Seiler e t a l. 1996, Nishino e t a l. 1997 ), or the head was frozen (Takaok a e t a l. 1981, Malizos e t a l. 1993 ). T hese methods are effective and create a complete necrosis of the fem oral head, but they do not simulate the pathological stat e of early ONFH with partial necrosis of the head and do not allow normal skeletal healing. Nevertheless, even in these invasive models spontaneous healing of the femoral head was described (Malizos e t a l. 1993 ).
T he models based on a transient increase of the joint pressure (Ganz e t a l. 1981 , Lucht e t a l. 1983 , Calvert e t a l. 1984 , Vegter & Lubsen 1987 seem to be suitable for the induction of transient osteonecrosis in young animals with an intact epiphyseal plate to study Perthes' disease. However, no effects are expected in adult anim als with a closed epiphyseal plate.
In non-surgical models osteonecrosis is induced by an immune reaction to heterologous serum (Matsui e t a l. 1995, Yamamoto e t a l. 1995, Nakata e t a l. 1996) or by corticosteroid administration (Gold e t a l. 1978). T he main disadvantages of these models are the short time of the manifestation of osteonecrotic changes, which are inconstant and occur in only about 30% of the animals, and the rapid healing of the lesions (Matsui e t a l. 1995). Furthermore, in these studies small anim als were used. It is not clear whether the same reactions can be induced in larger animals with an anatom y comparabl e to that of humans. In contrast , ethanol injection in sheep induced osteonecrosis for a period of up to 12 weeks, and necrosis was created in all animals.
Bone healing is described as a process of bone formation parall el to osteoclastic resorption as well as the formation of woven bone from ®brous tissue (i.e. secondary fracture healing with ®bro-cartilagin ous callus formation) (Tillmann 1987 ). T hese two types of bone formation are also described for ONFH and re¯ect an attem pt at regeneration of the affect ed area. In our study, similar processes were detected. By 6 weeks postoperatively, we found new woven bone in severely damaged areas of the head, with ®brous tissue of high cellularity.
However, in moderately injured areas around the centre of the necrosis, predominantly appositional bone formation and osteoclastic resorption of dead trabec ulae were found. T his ®nding suggests that skeletal healing depends on the extent of damage. In the model of femoral head necrosis induced by the method of deep freezing, osteoneogenesis in uniform necrotic femoral heads occurred predominantly from the resorption of dead trabeculae, the genesis of ®brosis and the formation of new bone without a pre-existing cart ilaginous template (de novo osteogenesis) (Malizos e t a l. 1993 ). T his repair process was found in our model in severely damaged areas of the head. In the moderat ely damaged areas, bone form ati on occurred by osteoclastic resorption of dead trabec ulae and remodelling by mineralizat ion of osteoid seams, produced by layers of osteoblast s on the surface of trabeculae. T his resulted in both the thickening of the trabeculae around the necrotic zone and radiographic evidence of sclerosis 6 weeks postoperatively. Similar radiographic ®ndings are described for stage II of necrosis in human fem oral heads (Fic at & Arlet 1980, Steinberg e t a l. 1995 ). For the pathogenesis of ONFH the theory of elevated intraosseous pressure caused by diminished venous drainage is widely accepted, but the pathology of human ONFH is not fully understood. Coagulopathy, vascular inadequacy, inhibition of angiogenesis, and im munological disorders are some of the widely discussed pathogenetic factors (Manki n 1992 ). We are aware that our anim al model does not fully simulate the pathogenesis of ONFH, which does not have direct chemical toxic causes. Nevertheless, our model should be suitable for investigat ing the effects and side effects of osteoinductive or osteoconductive treatm ent modalit ies in severely damaged bone tissue, i.e. the local applicat ion of growth factors (Hungerford & Mont 2000 ) . It seems important to evaluate these effects, because reported clinical results are inconsistent, and suggest that current treatm ent may not be suf®cient in all patients to prevent ONFH progressing to a total collapse of the head with a need for total hip replacement (Simank e t a l. 1999 ). Our model creates necrosis of the fem oral head in a reliable and standardized way. T he induction of osteonecrosis without osteotomy and dislocat ion is advantageous, because the intact anatom y of the femoral head allows normal skeletal healing.
